Our previous studies have shown that Uncaria has an important role in lowering blood pressure, but its intervention mechanism has not been clarified completely in the metabolic level. Therefore, in this study, a combination method of HPLC-TOF/MS-based metabolomics and multivariate statistical analyses was employed to explore the mechanism and evaluate the antihypertensive effect of Uncaria. Serum samples were analyzed and identified by HPLC-TOF/MS, while the acquired data was further processed by partial least squares discriminant analysis (PLS-DA) and orthogonal partial least squares discriminant analysis (OPLS-DA) to discover the perturbed metabolites. A clear cluster among the different groups was obtained, and 7 significantly changed potential biomarkers were screened out. These biomarkers were mainly associated with lipid metabolism (dihydroceramide, ceramide, PC, LysoPC, and TXA2) and vitamin and amino acids metabolism (nicotinamide riboside, 5-HTP). The result indicated that Uncaria could decrease the blood pressure effectively, partially by regulating the above biomarkers and metabolic pathways. Analyzing and verifying the specific biomarkers, further understanding of the therapeutic mechanism and antihypertensive effect of Uncaria was acquired. Metabolomics provided a new insight into estimate of the therapeutic effect and dissection of the potential mechanisms of traditional Chinese medicine (TCM) in treating hypertension.
Introduction
Hypertension, a complex and multifactorial disease, is closely associated with gene, environment, and metabolic factor, also the most vital risk factor for cardiovascular disease and chronic kidney disease [1] . With the development of study, various theories had been proposed on the pathogenesis of hypertension. Previous research had indicated that endothelial dysfunction might be a crucial mechanism in pathogenesis of hypertension [2] . Under the damage of endothelial cells, active molecules such as ATP and 5-HT would be released. Because these molecules inhibited the activities of NO, CGRP, and other relaxing factors, the activities of ET and TXA2 were increased. Finally, these substances would lead to the increasing blood pressure level [3] [4] [5] . In another study, hypertension was considered as a neurogenic disease and it is proposed that the pathology of hypertension was significantly associated with multiple factors in neuroendocrine system [6] .
In modern medicine, the hypertension had been studied from above perspectives. In the treatment of hypertension, the traditional Chinese medicine (TCM) has formed a unique theoretical system and control methods. Chinese herbal medicines provided rational means for hypertension. Uncaria was employed in treating hypertension as a safe and effective therapy due to characteristics of multiple targets, 2 Evidence-Based Complementary and Alternative Medicine multiple pathways, and fewer side effects [7] . Uncaria, with Chinese name of Gouteng and the Latin name of Uncaria rhynchophylla (Miq.) from Chinese Pharmacopoeia 2015 version, was firstly recorded in the Chinese medical classics "Compendium of Materia Medica." Rhynchophylline and isorhynchophylline are the mainly bioactive components in Uncaria [8, 9] . Our previous studies indicated that Uncaria had effects on lowering blood pressure, protecting vascular endothelial cell, and inhibiting vascular smooth muscle proliferation [10, 11] . The antihypertensive mechanism of Uncaria is still unclear, although it has been in widespread application. In modern medicine, the holistic and systemic properties of TCM are consistent with the characters of metabolomics. Therefore, metabolomics might be the bridge between TCM and modern medicine. So metabolomics could be employed to perform such a comprehensive investigation.
Metabolomics, as an important branch of systems biology, provides a comprehensive insight into the rule of metabolite changes. The metabolic variations of organism could be able to be systematically explored with the comprehensive analysis of metabolic result [12] . At present, metabolomics has been widely used in animal model validation [13] , disease diagnosis [14] , drug toxicity evaluation [15] , and drug research and development [16] . And it could evaluate and interpret therapeutic effects of some Chinese medicines [17] [18] [19] . Metabolomics analysis required highdensity information on a wide range of compound classes and chemistries, as well as high precision. Many technologies, including NMR, GC-MS, LC-MS, and CE-MS [20] , have been developed to perform metabolomics analysis. Because of its high sensitivity, high precision, low sample size, and good reproducibility, LC-MS became one of the most frequent significant tools in metabolomics researches [21] .
In this study, the metabolic profiling in serums of spontaneously hypertensive rats (SHRs) and drug treated SHRs was analyzed by HPLC-MS. Both antihypertensive efficacy and potential mechanism of Uncaria were explored in our experiment. The results of this paper provided further evidence to understand the pathology of hypertension and the intervention effects of Uncaria. , and 12 h/12 h light/dark cycle; they were admitted to free access to food and water during the study period. In the Uncaria-treated group, rats were given Uncaria (the dose was 10.001 g raw materials/Kg SHRs). The normal group and model group were given equal quantities of physiological saline. In accordance with the principle of the same volume and the different concentration, all animals were given gastric infusion of one time each day for continuous 4 weeks. One rat was died in Uncaria group at the end of experiment. Finally, 23 rats were included in the later experimental analysis.
Materials and Methods

Chemicals and
Blood Pressure
Measurement. Blood pressure of rats was measured on tail artery by noninvasive blood pressure measurement before administration and after administration for 1 week, 2 weeks, 3 weeks, and 4 weeks. Acquired data was expressed by means ± SD, and the multigroup comparisons were analyzed by one-way analysis of variance (ANOVA) using SPSS 22.0 (SPSS Inc., USA). 
Collection and Preparation of
Quality Control Sample
Preparation. An amount of 40 L of serum from each rat was mixed to serve as a quality control (QC) sample, which was pretreated as described in Section 2.5.1. QC sample was applied for monitoring the repeatability of samples and validating the stability of HPLC-MS during the analysis. As the sequence running, the QC sample was analyzed six times in the beginning and randomly arranged after 6 unknown serum samples.
HPLC-MS Conditions. HPLC-MS analysis was per-
formed on Agilent 6230 HPLC-TOF system (Agilent Technologies, USA). Chromatographic separation was performed on a Halo-C 18 column (2.1 × 100 mm, 2.7 m, America Advanced Material Technology Cor.) with a binary solvents system (solvent A: water with 0.1% formic acid; solvent B: acetonitrile with 0.1% formic acid). The gradient elution program for analysis started from 10% B to 60% B at 0-15 min, was held at 60% for 7 min, and changed to 100% B over 22-24 min. The flow rate was 0.35 mL⋅min −1 and the injection volume was 5 L. The column temperature was set at 25 ∘ C.
MS Conditions. They are as follows: capillary voltage, 4.0 kV; drying gas flow, 11 L⋅min −1 ; gas temperature, 350 ∘ C; nebulizer pressure, 35 psig; fragmentor voltage, 140 V; skimmer voltage, 60 V. Data was collected in centroid mode from 100 to 1,000 / . Samples were analyzed randomly for unbiased measurement with reference solution ( / 121.050873 and 922.009798) as internal standards to ensure accuracy and reproducibility. Two different fragmentor voltages at 210 and 280 V were applied to search the target ion of biomarkers.
Multivariate Data Analysis and Data
Processing. The raw data were firstly converted to.cef format by Mass Hunter Qualitative Analysis Software (Agilent Technologies, USA) and imported into Mass Profiler Professional (MPP, Agilent Technologies, USA) to carry on preliminary calibration of retention time, abundance, and mass range. The data from each sample were normalized to the summed total area and all data were input into Mass Hunter secondly to execute regression analysis. Afterwards data were processed by MPP again to carry on filter flags and significance analysis. Finally, a three-dimensional data matrix which consisted of retention time, mass value, and peak intensity was built. Then the data matrix was imported into SIMCA-P (version 11.5, Umetrics) software in ".csv" format for multivariate statistical analysis; PLS-DA and OPLS-DA were performed for pattern recognition. Variable importance projection (VIP) produced by OPLS-DA, ANOVA, and fold change (FC) was applied to discover the contributable-variable for classification. Finally, the variables with VIP values > 1, value < 0.05, and FC value ⩾ 2 were treated as potential biomarkers. The exact mass of potential biomarkers was searched in database such as HMDB (http://www.hmdb.ca), METLIN (https://metlin .scripps.edu), and KEGG (http://www.genome.jp/kegg/) for biomarkers identification. 
Results
Blood Pressure.
Compared with the normal group, the systolic blood pressure (SBP) in the model group was significantly elevated and maintained stable during the drug intervention. Meanwhile, with the treatment of Uncaria for 3 weeks, the SBP in Uncaria-treated group was lower than model group ( < 0.05). With the prolonging of administration time, SBP of Uncaria-treated group declined continuously and reached a minimum at the end of the 4th week. These data demonstrated that Uncaria had an obvious effect on decreasing blood pressure. The results are shown in Figure 1 .
HPLC-MS Analysis of Serum.
Different kinds of endogenous metabolites could be simultaneously detected with HPLC-MS under the optimized conditions. The extract ion chromatogram (EIC) of serum samples of seven biomarkers from Wistars, SHRs, and Uncaria-treated SHRs were presented in Figure 2 . It showed the differences of EIC in samples from normal group, model group, and Uncaria-treated group.
Data Quality Evaluation.
The experimental data of QC samples were imported into SIMCA-P for principal component analysis (PCA). The results showed that the clustering of QC data was closed and concentrated in the 95% confidence interval. This indicated that the data quality was reliable, but the results were not displayed in this paper. In order to validate the reliability of data quality further, 10 ions (the ion's quality number from low to high) were selected from QC samples with the retention time and / pairs of 0. 
Multivariate Data Analysis.
In this study, ion regression was applied to improve the accuracy of the MFE lookup. A calibrated and filtered ".cef" file was input into Mass Hunter secondly to executing regression analysis. The comparison of results before and after ion regression showed that compounds that appeared only 1 time would be significantly reduced after regression, and most compounds appeared in all 23 samples (Figure 3 ). The results indicated that both the feature search and calibration parameters were successful. PLS-DA is a supervised method for pattern recognition. In PLS-DA score plot (see Figure 4 as well as between Uncaria-treated group and model group. The results implied that the serum metabolic patterns were changed between the three groups. The Uncaria-treated group was much closer to the normal group, which indicated that Uncaria did have a potential antihypertensive effect on the SHRs. In addition, the PLS-DA model also enjoyed a good predictive ability and credibility: 2 = 0.98; 2 (cum) = 0.83. No overfitting was observed according to the results of permutation test. As shown in Figure 4 (b), the 2 -intercept was 0.306 and 2 was −0.486 in the positive ion modes, respectively. Furthermore, all green 2-values to the left were lower than the original points to the right, indicating that the original model was valid. was 0.994 and 0.924, respectively, which indicated that the model had good prediction characteristics. As shown in the OPLS-DA score plot ( Figure 5(a) ), the Uncaria group and the model group can be clearly distinguished. More subtle changes can be found by the loading plot of OPLS-DA ( Figure 5(b) ), which exhibits each of these variables and is responsible for the separation more intuitively. For further analysis of feature ions, the S-plot ( Figure 5(c) ) and VIP-plot ( Figure 5(d) ) from the OPLS-DA were carried out to select distinct variables as potential biomarkers. From the corresponding S-plot and VIP-plot, the ions furthest away from the origin may be regarded as potential biomarkers in Uncaria rats. We generated VIP plots from the OPLS-DA with a threshold of 1 to identify the metabolites that significantly contribute to the clustering between groups. Ultimately, 7 potential biomarkers were identified. By comparison with the normal group, 5 metabolites were increased in the model group, and the 2 metabolites were decreased. 7 metabolites tended to normal levels after intervention by Uncaria. The differences and change trend of these biomarkers are summarized in Table 1 and Figure 6. 
Potential Biomarkers Discovery and
Discussion
With the deepening research on the pathogenesis of hypertension, a variety of theories have been put forward. At present, the majority of studies suggest that vascular endothelial dysfunction is an important mechanism in the pathogenesis of hypertension [22] . The NO, CGRP, and other diastolic factors' activity declined and ET, TXA2, and other vasoconstrictor substances' secretion increased due to the vascular endothelial dysfunction, which can result in elevating blood pressure [23, 24] . Therefore, the improvement of vascular endothelial function has important significance for the treatment of hypertension. At present, vascular endothelial function becomes a new target for antihypertensive therapy of TCM [25] . Previous studies illustrated that Uncaria extract can protect the structure and function of vascular endothelium by reducing vasoconstrictor release, increasing the biological activity of NO, and other ways. These ways can produce vasodilation effects; thereby, the blood pressure was reduced.
In this paper, a metabolomics study was conducted to analyze the changes of endogenous responses in SHRs after intervention with Uncaria. The results suggested that disturbed metabolic profiling was restored in normal level after the treatment of Uncaria. 7 biomarkers were identified, and their changes were associated with the hypotensive effect. The biomarkers were mainly involved in three biological pathways: lipid metabolism pathway, amino acid metabolism pathway, and nicotinic acid and nicotinamide metabolism pathway. The above biomarkers and corresponding pathways are associated with vascular endothelial dysfunction and other etiologies of hypertension. At the same time, we proposed a pathogenesis of hypertension associated with metabolic disturbance (Figure 7) .
The substance in blue boxes represented biomarkers determined by HPLC-MS, and the pink boxes represented the pathways related to the hypertension.
Lipid Metabolism.
The experimental result has revealed that the lipid metabolism disordered, which was consistent with previous conclusions [26] . There is widespread evidence that altering lipid metabolism is the potential pathogenesis of hypertension. Many studies have found abnormal phospholipid metabolism plays an essential role in development of intimal injury and vascular disease. Dyslipidemia may be relevant to the ox-LDL pathway, leading to a decrease of NO and PGI2, as well as the increase of ET-1 and TXA2; both of these effects bring a rise in blood pressure corporately.
A finding showed that sphingolipids were involved in the pathophysiology of hypertension in vivo [27] . Experimental study proved that PKC, Rac, Jun N-terminal kinase, and other protein kinases may be activated by ceramide; then cascade signaling pathways may be initiated to induce cell apoptosis [28] . Thereby, the activation of eNOS was inhibited, oxidative stress response of vascular endothelial cells was induced, and production of NO was decreased, finally leading to vascular endothelial dysfunction [29] . In SHR, the increase of TXA2 release which was induced by ceramide could be caused vasoconstriction, and the vascular constriction was also associated with increased expression of TXA2 synthase [30] .
In our study, compared with the model group, dihydroceramide and ceramide were significantly decreased in Uncaria-treated group. Their changes were consistent with the antihypertension effect, and the interference of sphingolipid metabolism can be recovered after the administration of Uncaria.
By comparison with normal group, the level of TXA2 was upregulated in model group (Figure 6 ). TXA2 was produced by arachidonic acid in cyclooxygenase pathway, which was able to promote platelet aggregation and vascular contraction [31] . In the pathological process of hypertension, subendothelial collagen and fiber were exposed because vascular endothelium was damaged, combined with platelet to activate and release TXA2. It can increase the peripheral resistance by inhibiting the synthesis of PCI2, affecting the permeability of vascular wall, and promoting the proliferation of smooth muscle cells. Then the blood pressure would be persistently elevated [32, 33] . Furthermore, Uncaria made effects on antihypertension through reducing TXA2 level. This result was consistent with the previous study of XIE [34] . Overall, aforementioned variations of lipids suggested lipid metabolism would be disturbed by hypertension, which could be partly regulated and repaired with Uncaria treatment. Phosphoglyceride is one of the most abundant phospholipids in both animal and human body. It is the main component of biofilm, which participates in the signal recognition and transduction in cell membrane. Due to various substituent and replacement groups, phosphoglyceride could be divided into different classes, like phosphatidylcholine (PC), phosphatidylethanolamine (PE), and so on. PC was hydrolyzed by PLA2 from the sn-2 position, producing LysoPC and FFA. The generated endogenous LysoPC was the major active ingredient of oxidized low density lipoprotein (ox-LDL) [3] . LOX-1 receptor could be activated by ox-LDL and lead to dephosphorylation of serine residues in 1179/1177 site of eNOS. Then the activity of endothelial cell eNOS would be inhibited, and endothelium dependent relaxing function was suppressed. All of the above would lead to elevated blood pressure [35] . This confirmed that ox-LDL was an independent risk factor of hypertension. Besides, PLA2 was probably activated by free radicals [36, 37] . In our study, PC was significantly decreased in the model group compared with that in the normal group, and LysoPC does the contrary ( Figure 6 ). There is a tendency to return to normal after intervention by Uncaria. The results effectively indicated that Uncaria could correct phospholipid metabolism disorder to lower the blood pressure.
Vitamin and Amino Acids
Metabolism. In addition to lipid metabolism disordered, the experiment results also find elevated level of nicotinamide ribose and reduced level of 5-HTP. Nicotinamide ribose, which is a component of NADH and NADPH, is precursor of nicotinamide. It exerts protective effects against the oxidative stress process. With the increased level of NADPH, oxidase of generated ROS can be regulated, as well as maintaining the activity of antioxidant enzymes. Thus, the function of endothelial cells can be protected [38, 39] . Furthermore, the activity of PLA2 could be inhibited by NADP to reduce the production of FFA and ceramide [40] . In present research, the variation of 5-HTP indicated that morbidity of hypertension may also be related to tryptophan metabolism. 5-HTP was produced from tryptophan by tryptophan hydroxylase and then transformed to decarboxylate 5-HT. Decarboxylate 5-HT is a potential vasoconstrictor and neuromodulator, which has strong effects in vessel contraction. As a result, 5-HTP was significantly decreased in the Uncaria-treated group in comparison with the model group ( Figure 6 ). The reasons for above results may be as follows: firstly, the secretion of neurotransmitters such as norepinephrine could be reduced after Uncaria administration, which would inhibit excitation of central nervous system by decreasing level of 5-HT [41] . Secondly, as source of nicotinic acid and nicotinamide, 5-HTP's activity of relevant molecules would be affected by tryptophan. Thus Uncaria may play a role in antihypertension through various pathways.
Conclusion
The serum metabolic profiling was detected and metabolomics was employed to demonstrate the intervention effects of Uncaria. In this paper, we observed a clear metabolic characteristic difference between the model group and Uncaria-treated groups. The level of 7 perturbed metabolites was reversed. The results suggested that the antihypertensive mechanism of Uncaria may involve regulating of lipid, vitamin, and amino acid metabolism, as well as being associated with vascular endothelial function. The results also indicated that Uncaria could be employed as a novel and effective antihypertensive treatment herb. In conclusion, metabolomics could give a holistic view of the disease pathogenesis and therapeutics; at the same time it might make great contributions to the evaluation of curative effects of TCM on hypertension.
